INTRODUCTION
============

Midbrain dopaminergic (DA) systems are pivotal regulators of normal adaptive behavioral and cognitive functions ([@bib63]; [@bib50]), which are mediated by distinct projections from the substantia nigra pars compacta (SNc) and ventral tegmental area (VTA) to the striatum and the prefrontal cortex. Preclinical studies indicate that these DA systems are especially vulnerable to long-term disruption by perturbations in the *in-utero* environment ([@bib23]). Such neurobiological programming may also exist in the human population, where gestational stress is associated with increased risk of childhood behavioral problems ([@bib59]) and the onset of neurological and neuropsychiatric disorders ([@bib55]; [@bib37]). Many of these conditions not only involve midbrain DA systems, but also have a neurodevelopmental component, including schizophrenia, ADHD, autism and drug abuse ([@bib34]; [@bib45]; [@bib11]; [@bib10]; [@bib58]). The mechanisms underlying such neurobiological programming are unclear, but glucocorticoid hormones released in response to stress from the maternal/fetal adrenals are emerging as key factors in brain programming in humans and other animals ([@bib55]), although the precise nature of changes in specific neuronal phenotypes is poorly characterized.

In previous studies we demonstrated that antenatal glucocorticoid treatment (AGT) with the synthetic glucocorticoid, dexamethasone, during late gestation increased the population size and altered the topographic organization of the midbrain DA neurons within the adult rat VTA and SNc ([@bib40]; [@bib38]). This provided direct evidence that these systems are targets for neurobiological programming by glucocorticoids, on which we base our hypothesis that *in-utero* programming of midbrain DA systems by inappropriate exposure to glucocorticoids may represent a mechanism linking the early environment to the development of adult psychopathology. The importance of understanding this link from a clinical perspective is further highlighted by the association of childhood behavioral deficits with repeated courses of synthetic glucocorticoids that are commonly prescribed to accelerate lung maturation in the management of women at risk of preterm delivery, despite a lack of systematic investigations of their potential impact on the developing brain, and neurological and behavioral performance ([@bib22]; [@bib6]). Therefore, a central aim of the current study was to evaluate whether the AGT-induced cytoarchitectural disturbances in the VTA and SNc are sufficient to disrupt behaviors modulated by the midbrain DA networks. We used neuroanatomical and neurochemical studies to provide neurobiological indicators of DA transmission, which were complemented with a battery of behavioral tests known to depend on midbrain DA circuitry. These included tests of psychomotor activation and reinforcement, assessed through systemic administration of amphetamine ([@bib30]), and the acquisition and maintenance of cocaine self-administration ([@bib52]), which depend on the mesolimbic DA system. We also assessed spontaneous locomotor activity in a novel environment, known to depend on mesolimbic and nigrostriatal DA systems ([@bib28]), as well as prepulse inhibition (PPI) of the startle reflex ([@bib27]; [@bib57]) and appetitive Pavlovian learning ([@bib51]; [@bib65]) as behavioral assays of DA function in the nucleus accumbens (NAc). Biological programming of several systems, including the brain, by *in-utero* overexposure to glucocorticoids via exogenous administration or stress-induced endogenous elevations, has been reported to be sex-specific ([@bib55]; [@bib13]), and the commonest disorders involving midbrain DA circuitry show a sex bias ([@bib1]; [@bib9]; [@bib24]). Therefore, we also investigated whether AGT programming of midbrain DA systems differs in male and female rats.

MATERIALS AND METHODS
=====================

Full details are provided in [Supplementary Materials and Methods](#sup1){ref-type="supplementary-material"}.

Animals and AGT
---------------

All procedures were conducted under license in accordance with the UK Animals (Scientific Procedures) Act of 1986. Animals were maintained under a 12/12-h reversed light/dark cycle (lights off at 0700 h) and controlled temperature (21--23 °C) and humidity (63%), with standard rat chow and drinking water available *ad libitum*. After timed matings, pregnant Sprague--Dawley rats (Harlan Olac, Beicester, UK) received AGT on gestational days (GDs) 16--19 via our established, non-invasive method of adding the synthetic glucocorticoid, dexamethasone (dexamethasone sodium phosphate; Fauliding Pharmaceuticals, Royal Leamington Spa, UK), to the drinking water at a concentration of 0.5 μg/ml; control dams continued to receive normal drinking water ([@bib42]; [@bib38]). No more than two progeny per litter were included in each of the four experimental groups (male and female AGT and controls) in order to minimize potential effects of litter-of-origin. Group sizes of *n*=6 were used, except where otherwise stated (see figure legends). Separate cohorts of animals (controls and AGT groups at 3 months of age) were used for each experimental procedure, except the groups tested for amphetamine-stimulated behavior. As test-naive animals, this cohort first provided the data for the spontaneous locomotor activity study (day 1); they then underwent similar testing on day 2 in order to habituate the animals to the novel environment, thereby ensuring a stable baseline before testing amphetamine-induced activity.

Immunohistochemistry
--------------------

Animals were decapitated between 0900 and 1000 h. Brains were removed and processed for immunohistochemical identification of tyrosine hydroxylase immunorectivity (TH-IR) as a marker of DA cell bodies in the VTA and SNc, and their respective nerve terminals in the ventral striatum (NAc core and shell) and dorsal striatum (caudate putamen, CPu). Estimates of DA neuron numbers were based on protocols for measuring the effects of sex steroid hormones on cell numbers in specific brain nuclei ([@bib5]; [@bib39]; [@bib64]). In every second section between −5.1 mm and −5.4 mm, termed Level B ([@bib15]; [@bib40]; [@bib38]), SNc and VTA boundaries, defined by TH-IR cells ([Figure 1b](#fig1){ref-type="fig"}), were delineated using a CoolSNAP-Procf camera (Roper Scientific, Marlow, UK) attached to a NikonEclipse E800 microscope (Media Cybernetics, Finchampstead, UK) and an image analysis software package (Image ProPlus 4.5; Media Cybernetics). TH-IR cells ([Figure 1c](#fig1){ref-type="fig"}) were counted in squares (50 μm × 50 μm) within an overlay grid using a random systematic sampling protocol; the number of TH-IR cells per field, grid-square area and number of grid squares sampled were used to calculate cell densities. The level B volumes of the SNc and VTA were calculated according to the method of Cavalieri ([@bib12]; [@bib38]). The total number of TH-IR neurons was estimated by relating their numerical cell density to the volume, and was used to calculate the group average (*n*=6 rats per group). Striatal TH-IR fiber density was analyzed in 1-μm optical sections captured using a Leica SP5 confocal microscope ( × 63 oil immersion objective). Threshold masks were applied using ImageJ software, at a standardized intensity for all samples ([Figure 1e](#fig1){ref-type="fig"}). Percentage area cover was then measured by systematic random sampling of matrix regions of the CPu and NAc, allowing for background correction, in at least six different sections per animal. The average fiber density for each region per animal was used to calculate the group average (*n*=6 rats per group).

Autoradiography
---------------

The DA transporter (DAT) and D~1~-type (D1) and D~2~-type (D2) receptors were analyzed as pre- and postsynaptic markers of DA function in the CPu, NAc (core and shell). Animals were decapitated between 0900 and 1000 h. Brains were removed and processed for quantification of DAT, D1 and D2 levels using specific binding of the highly selective ligands \[^125^I\]-RTI 121, \[^3^H\]-SCH23390 and \[^3^H\]-raclopride, respectively, following protocols previously described ([@bib41]), with examples shown in [Figure 2a](#fig2){ref-type="fig"}. Films were developed and digitized using an MCID Core system attached to a CoolSNAP-Pro~cf~ camera (Interfocus Imaging, Cambridge, UK). Densitometric analysis was performed by systematic random sampling, using NIH ImageJ, within the defined brain regions ([@bib49]). Average values from six different sections per region per animal were used to calculate the group means (*n*=6 per group).

*In-Vivo* Microdialysis
-----------------------

Extracellular levels of DA and its metabolites were assessed by *in-vivo* microdialysis coupled with electrochemical detection using commercially available microdialysis probes (MAB 6 15 kDa cut-off PES; Microbiotech AB, Sweden) implanted stereotactically into the NAc core. After equilibration (3 h) and collection of three 20-min (20 μl) baseline dialysate samples, rats were injected with amphetamine (0.8 mg/kg i.p) and sample collection continued for an additional 2 h. Samples were stored at −70 °C until analysis. Probe placement was verified *post mortem*.

Behavioral Analysis
-------------------

Male and female adult progeny of control and AGT dams were tested during the dark phase of the light--dark cycle.

### Amphetamine-induced locomotor activity

Following habituation to the testing environment, locomotor activity induced by intraperitoneal (i.p.) injections of *d*-amphetamine (0.2, 0.4, 0.8 and 1.2 mg/kg) or vehicle (0.9% saline), using a Latin square design, was recorded over 120 min in photocell testing chambers.

### Cocaine self-administration

A fixed-ratio schedule of reinforcement with ascending doses of cocaine (MacFarlan Smith, Edinburgh; 0.25, 0.5 and 1 mg/kg per 100 μl) was used to train rats to self-administer the drug. Operant chambers were equipped with an active lever, which activated an infusion pump to deliver cocaine intravenously, and an inactive lever. Lever presses were recorded during training sessions carried out for 7 consecutive days at each dose: sessions were terminated after a maximum of 50 self-administered cocaine infusions or a period of 2 h, whichever came first.

Spontaneous open-field locomotor activity was monitored in activity chambers (259 mm × 476 mm × 209 mm; Allentown) fitted with infrared photocell beams; beam breaks were recorded in bins of 5 min over a 90-min period.

PPI of Acoustic Startle
-----------------------

The efficacy of a weak sensory stimulus (prepulse) to inhibit a reflexive motor response to a subsequent intense sensory event or startle (pulse) was tested using Plexiglas startle chambers (Kinder Scientific, UK). The startle stimulus (120 dB, 40 ms) and four levels of prepulse (+3, +6, +12 and +16 dB above background for 20 ms) were tested alone and in combination (with 100 ms delay between onset of prepulse and pulse). PPI was calculated as the % inhibition of the startle response obtained in the pulse-alone trials at each of the four prepulse intensities, for each animal by the expression: PPI=100% × (1−(mean reactivity in prepulse--pulse trials/mean reactivity in pulse-alone trials)).

Pavlovian Appetitive Learning (Autoshaping)
-------------------------------------------

In the autoshaping paradigm, learning results from an association of a conditioned stimulus (CS+), which predicts food delivery and is measured relative to a second identical stimulus (CS−) that is explicitly unpaired with food reward. With repeated exposures, animals acquire discriminated approach behavior to the CS+. Training sessions consisted of 50 trials (25CS+ 25CS−), and sessions were conducted daily for 7 consecutive days. For each trial, only the first contact with the CS, and not subsequent responses, was recorded as a lever press response, and contact with either lever was interpreted as approach behavior. Data were analyzed in blocks of 50 trials as mean CS+ and CS− approach scores. The mean difference between CS+ and CS− scores was taken as a measure of discriminative learning.

Data Analysis
-------------

Global analysis of variance (ANOVA) was carried out on all data, followed by the further analysis of significant main effects (*p*\<0.05) using lower order ANOVAs and Tukey\'s HSD corrected pair-wise comparisons (*p*\<0.05). Levene\'s test was used to confirm homogeneity of variance, except in experiments requiring repeated measures analysis, where data were examined for sphericity using Mauchly\'s test, and significant departures were adjusted using a Greenhouse--Geisser correction of degrees of freedom to provide more conservative probabilities.

### Anatomical and radioligand binding studies

Data were analyzed using a general linear model with brain region, AGT and sex as between-subjects factors.

### Behavioral analysis

Comparisons were made using repeated measures ANOVA with trial session, prepulse level or adult drug treatment as a within-subjects factor, and antenatal treatment (control or AGT) and sex as between-subjects factors.

### Microdialysis

Cumulative DA efflux over a 2-h period was the dependable variable for statistical analysis, and was calculated by summation of DA levels minus baseline values in post-amphetamine samples. *Post-hoc* comparisons were carried out using independent samples two-tailed Student\'s *t*-tests. A significance level of *p*\<0.05 was used for all analyses. All statistical analyses were performed using IBM SPSS statistical software (v19.0).

RESULTS
=======

Enrichment of Striatal DA Fiber Density Accompanies Expansion of SNc and VTA DA Populations in Progeny of Dams Exposed to AGT
-----------------------------------------------------------------------------------------------------------------------------

In progeny of both sexes, AGT increased DA cell counts in the SNc and VTA compared with controls ([Figure 1a](#fig1){ref-type="fig"}; main effects of AGT F~1,20~=79.24, *p*\<0.001, and region F~1,20~=19.8, *p*\<0.001), without affecting the reference volume containing the cells in males (controls, 51.52±4.41 × 10^6^ μm^3^; AGT, 61.45±1.38 × 10^6 ^μm^3^) or females (controls, 60.83±4.63 × 10^6^ μm^3^; AGT, 60.16±5.6 × 10^6^ μm^3^). In addition, AGT increased fiber density in the striatum (main effects of treatment F~1,48~=140.7, *p*\<0.001 and region F~2,48~=15.3, *p*\<0.001; [Figure 1d and e](#fig1){ref-type="fig"}), with a significantly greater effect in males than in females (sex × treatment interaction F~1,48~=13.7, *p*=0.001). AGT failed to alter basal firing activity of confirmed TH-positive cells in the VTA ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"} and protocol) and had no effect on the expression of the transcription factor and DA phenotypic marker, Pitx3 ([Supplementary Table S1](#sup1){ref-type="supplementary-material"}).

Sexually Dimorphic Changes in Mesocorticolimbic and Nigrostriatal DA Receptor and Transporter Levels in Progeny of Dams Exposed to AGT
--------------------------------------------------------------------------------------------------------------------------------------

Binding densities in control animals for D1, D2 and DAT (open histograms, [Figure 2b, c and d](#fig2){ref-type="fig"}) were the same in both sexes for all regions, except for D1 receptors in the CPu, where binding density was greater in males compared with that in females ([Figure 2b](#fig2){ref-type="fig"}, *p*\<0.05). AGT influences on D1 binding were region- and sex-specific ([Figure 2b](#fig2){ref-type="fig"}; region × sex × AGT interaction, F~(2,40)~=4.77, *p*=0.014), with a reduction in binding density in the CPu and NAc shell of males, whereas binding was increased in the CPu and NAc core of females (*p*\<0.05) compared with same-sex controls. In both sexes, D2 binding was increased in all three striatal regions ([Figure 2c](#fig2){ref-type="fig"}; main effect of AGT, F~(1,20)~=15.07, *p*=0.001, and region, F~(2,40)~=13.34, *p*\<0.0001, but not sex; *p*\<0.05 by *post-hoc* analysis for CPu, NAc core, and shell). For DAT, AGT influences were again region- and sex-specific ([Figure 2d](#fig2){ref-type="fig"}; region × sex × AGT interaction (F~(2,40)~=6.67, *p*=0.003), with an increase in binding density in the CPu and NAc core of males, but a decrease in females in all three regions (*p*\<0.05) compared with same-sex controls. Male--female comparisons showed that significant sex differences emerged for D1 and DAT binding densities across all regions studied after AGT ([Figure 2b and d](#fig2){ref-type="fig"}; *p*\<0.05).

Sexually Dimorphic Effects of AGT on the Neurochemical Response to Amphetamine
------------------------------------------------------------------------------

Under baseline conditions, *in-vivo* microdialysis studies found no significant differences in DA levels in both sexes of control (male, 12.93±1.87 fmol/10 μl; female, 13.74±1.74 fmol/10 μl) and AGT-exposed (male, 24.73±5.03 fmol/10 μl; female, 15.66±0.65 fmol/10 μl) animals ([Figure3a](#fig3){ref-type="fig"}), whereas amphetamine-induced DA efflux was influenced by both sex and AGT ([Figure3b](#fig3){ref-type="fig"}; time × sex × AGT interaction, F~(5,80)~=8.08; *p*\<0.001). Thus, in controls the amphetamine response was ∼3.5 times greater in females compared with that in males, as determined by summation of DA levels above baseline over the 2-h period following amphetamine injection (*p*\<0.001 by independent samples two-tailed Student\'s *t*-test); after exposure to AGT, the amphetamine response increased threefold in males (*p*=0.014), but decreased in females (*p*=0.005).

Lack of Effect of AGT on Psychostimulant Behaviors
--------------------------------------------------

### Amphetamine-induced locomotor activity

Systemic administration of amphetamine increased locomotor activity in both sexes ([Figure 3c](#fig3){ref-type="fig"}), which was significantly greater in females than in males (dose F~(4,60)~=34.95, *p*\<0.001; sex F~(1,15)~=39.57, *p*\<0.001; [Figure 3d](#fig3){ref-type="fig"}). However, these responses were unaffected by AGT.

### Cocaine self-administration

[Figure 3e and h](#fig3){ref-type="fig"} shows rates of responding for intravenous cocaine self-administration. ANOVA revealed significant main effects of cocaine dose (F~(2,30)~=26.33, *p*\<0.001) and session (F~(6,90)~=47.69, *p*\<0.001), and significant interactions between cocaine dose and sex (F~(12,180)~=9.67, *p*\<0.001), and cocaine dose, session and sex (F~(12,180)~=4.02, *p*\<0.01). Irrespective of dose, significantly higher rates of cocaine self-administration were achieved by females (sex: F~(1,15)~=10.87, *p*=0.005), but there was no main effect of AGT, nor any interaction between sex and AGT. The cumulative responses in adult animals, when collapsed across the seven training sessions for each dose confirms that there were no significant differences between control and AGT animals of either sex ([Figure 3f and h](#fig3){ref-type="fig"}).

Sex-Specific Effects of AGT on Open-Field Locomotor Activity, But not Appetitive Pavlovian Conditioning
-------------------------------------------------------------------------------------------------------

### Spontaneous locomotor activity

Locomotor behavior in a novel, open-field environment decreased with time for all groups and was significantly higher in control females ([Figure 4a](#fig4){ref-type="fig"}: time F~(17,340)~=32.96, *p*\<0.001; sex F~(1,20)~=14.52, *p*\<0.001). As AGT programming effects on locomotor activity have been reported to be sex-specific ([@bib32]), we used a planned comparison of male and female responses separately, which showed that AGT suppressed activity in females (F~(110)~=5.24, *p*=0.045), whereas males were unaffected ([Figure 4b](#fig4){ref-type="fig"}).

### Sensorimotor gating

In both sexes, presentation of a prepulse stimulus inhibited the response to the 120-dB startle stimulus ([Figure 4c and d](#fig4){ref-type="fig"}; main effect of prepulse, F~(3,84)~=9.493, *p*\<0.001). AGT enhanced PPI in males (sex × treatment interaction, (F~(1,28)~=4.612, *p*=0.041; sex: (F~(1,14)~=5.48, *p*=0.035; *post-hoc* analysis *p*\<0.05), but females were unaffected.

### Pavlovian appetitive learning

All groups acquired discriminated approach behavior to the reward-predictive CS ([Figure 4f](#fig4){ref-type="fig"}), with no differences between the sexes, or between controls and AGT groups (CS: F~(1,50)~=543.4, *p*\<0.001; training session: F~(6,300)~=39.5, *p*\<0.001; CS × training session interaction: F~(6,300)~=100.0, *p*\<0.001). Analysis of different scores between CS+ and CS− responses over block confirmed discriminative learning (F~(6,\ 300\ )~=100.0, *p*\<0.001) and a lack of effect of sex and AGT ([Figure 4g](#fig4){ref-type="fig"}).

Discussion
==========

This study replicated our earlier observation that late-gestational exposure to glucocorticoids increased the adult numbers of midbrain DA neurons ([@bib40]; [@bib38]), and extends our understanding of neurobiological programming of the ascending DA systems in a number of important ways. Expansion of the SNc and VTA DA populations was accompanied by a substantial increase in DA innervation density in the CPu and NAc (core and shell). This did not alter basal extracellular NAc DA levels in either sex, but was co-incident with profound changes in levels of D1 and D2 receptors and DAT in striatal regions, as well as amphetamine-induced accumbal DA release. Most notably, apart from D2 levels, AGT-induced changes in these synaptic markers of DA transmission were qualitatively diametrically opposite in males and females. Remarkably, these robust sexually dimorphic changes were not accompanied in either sex by altered psychomotor and appetitive behaviors that are sensitive to the midbrain DA transmission, suggesting that they represent a broad spectrum of enduring adaptive mechanisms, which underpin apparent resilience to early environmental perturbations. Nevertheless, evidence of significant behavioral changes was seen in terms of the locomotor response in a novel environment (suppressed in females) and sensorimotor gating (enhanced in males). These findings provide empirical evidence that midbrain DA systems are neural substrates for glucocorticoid-induced neurobiological programming, which proceeds via different, often opponent, mechanisms in males and females.

Neurobiological Findings
------------------------

### Cellular, molecular and neurochemical markers of AGT-induced changes in striatal DA neurotransmission

Measures of DA cell counts in midbrain regions have been hampered by their heterogeneous distribution and poor delineation of the sub-nuclei at certain coronal levels ([@bib25]; [@bib2]). Moreover, by subdividing the nuclei into 300 μm levels spanning the rostrocaudal extent of the SNc (levels A--D) and VTA (levels B--D) ([@bib15]; [@bib38]), we have shown that AGT-induced changes in numerical density of TH-IR cells at different levels is also heterogeneous, despite an overall effect to increase cell counts by at least 30% in the SNc and 50% in the VTA ([@bib38]). This is due, in part, to concomitant effects on the regional volumes of the structures containing the cells, which may be increased, decreased or remain unchanged, depending on level, as well as an apparent redistribution of cells within the nuclei. Identification of this enduring effect on the 3D cytoarchitectural organization of midbrain DA neurons provided the basis for our hypothesis that inappropriate prenatal exposure to glucocorticoids would affect DA function. In the present study, we first sought to confirm AGT effects on cell counts by focusing on level B, where the SNc and VTA are particularly well delineated, and we have consistently demonstrated that AGT increases cell counts without affecting regional reference volume or perikarya size ([@bib40], [@bib38]), thereby minimizing recognized sources of counting errors and bias ([@bib62]). The current study further identifies late gestation as a critical developmental period when modification of the hormonal environment has enduring influences not only on DA neuronal survival but also target innervation in both sexes. Our methods do not allow us to determine the cells of origin in the increased striatal terminals, but as the vast majority of terminals in the dorsal and ventral striatum arise from SNc and VTA perikarya, these two effects are most likely connected.

Extracellular recordings from individual DA neurons *in vivo* suggested that basal activity in the expanded population in AGT-exposed offspring was unaffected. Expression of Pitx3, an exclusive marker of SN and VTA DA neurons required for phenotype survival and maintenance ([@bib56]), was also unchanged after AGT. Thus, the additional TH-IR cells have the characteristics of typical DA neurons, with the potential to create a hyper-DA state. However, our microdialysis study demonstrated that in both sexes, more, apparently normal, cells and terminals did not equate with increased baseline extracellular DA levels, which were unperturbed in male and female control and AGT groups. This lack of effect of AGT on basal DA efflux could be explained by the increase in striatal D2 presynaptic, auto-inhibitory receptors, which paralleled the increase in terminal density in AGT-exposed males and females. In addition to their presynaptic location, D2 receptors are also postsynaptic markers in the dorsal and ventral striatum, where they distinguish the D2-expressing subpopulation of GABA-ergic medium spiny output neurons (MSNs) from the functionally distinct D1-expressing MSNs ([@bib36]). As our autoradiographic study cannot distinguish the pre/postsynaptic D2 location, our interpretation requires caution. However, our related work (unpublished) demonstrated that AGT did not affect D2-binding density in male and female prefrontal cortical regions, which are devoid of presynaptic D2 receptors ([@bib16]), thereby lending credence to the view that the striatal changes are a presynaptic adaptation, which stabilizes baseline extracellular DA levels in the face of an AGT-expanded population.

The DAT protein is another presynaptic marker, which is a key regulator of synaptic DA, and has been used as an indicator of terminal density. Although terminal density and DAT binding in the CPu, NAc core, and shell were similar in control males and females, and DAT binding increased in line with terminal density in males after AGT (both in the range 62--140%, depending on region), in AGT-exposed females DAT binding fell dramatically (by at least 80%) despite an increase in fiber density (∼40%). Consequently, DAT levels differed by an order of magnitude in males and females after AGT. However, these dramatic sex differences appeared not to affect baseline extracellular DA levels, potentially because of a dominant influence of the D2 auto-inhibitory receptors on tonic, baseline activity.

Contrasting with the constancy of baseline extracellular DA levels, our amphetamine study revealed striking sex dimorphisms in control animals and in the impact of AGT. DA releasing effects of amphetamine arise primarily from its ability to bind the nerve terminal protein, DAT ([@bib21]), commonly regarded as a primary indicator of DA tone. As our control group showed no significant sex differences in striatal DAT binding, it was remarkable that amphetamine-induced efflux in males was only 25% of that in females, suggesting marked sex differences in intrinsic mesolimbic DA terminal dynamics. These findings support and extend other evidence of inherent sex dimorphisms in the ascending DA system ([@bib8]). Our data do not allow us to deduce what consequences these activity differences (males\<females) may have for basal ganglia output. Notably, however, control male D1 receptor binding in the CPu was almost double that of females, raising the possibility that natural sex differences in D1 receptor expression may counter differences in neuronal dynamics and have a key role in preserving excitability in D1--MSNs and basal ganglia output in males and females. This observation has the caveat that we do not know the relationship between dorsal striatal receptor changes and NAc DA efflux. AGT dramatically enhanced the effects of amphetamine on DA efflux in males, consistent with enhanced striatal DAT levels. The co-incident downregulation of postsynaptic D1 receptors may represent compensatory changes to preserve DA transmission. In contrast, AGT blunted amphetamine-induced DA efflux in females, consistent with reduced DAT levels, and the associated upregulation of postsynaptic D1 receptors may serve to preserve basal ganglia output. These observations indicate marked changes in intrinsic activity of midbrain DA neurons after AGT and highlight their extreme sex dimorphisms.

Behavioral Findings
-------------------

Taken individually, one would predict that the substantial neurobiological changes that we have identified in the mesocorticolimbic and nigrostriatal systems after AGT would affect behavior. However, amphetamine-induced locomotor activity, cocaine self-administration, and learning in response to appetitive cues predictive of food, which are established tests of mesolimbic DA transmission ([@bib28]; [@bib14]; [@bib52]; [@bib48]; [@bib18]) were unaffected. At face value, this does not support our hypothesis that *in-utero* programming of midbrain DA systems by inappropriate exposure to glucocorticoids may be a mechanism linking the early environment with the development of adult psychopathology. However, our neurobiological findings serve to demonstrate that apparent behavioral normality in AGT animals is achieved by the midbrain network operating outside its normal limits, and is, therefore, in a state of allostasis ('stability through change\' [@bib44]; [@bib7]). Moreover, these operational changes invoke different mechanisms in males and females. Hence, expansion of the DA system in males is accompanied by an increased intrinsic activity and downregulation of postsynaptic D1 receptors, whereas females show a decreased intrinsic activity and upregulation of D1 receptors, which, we propose, are compensatory changes serving to preserve DA transmission, thereby limiting behavioral consequences and contributing to resilience. In this study we aimed to investigate animals under basal conditions, which are thought to probe intrinsic functional connectivity ([@bib60]). In contrast, studies investigating the effects of AGT regimes similar to ours (except for using parenteral administration) have reported significant behavioral effects, especially in tests of anxiety and depression-like behaviors ([@bib61]; [@bib47]; [@bib26]) in progeny after stress exposure in adulthood. Although these other studies did not assess AGT influences under non-stressed conditions, it is concievable that, in extremity, the apparently protective adaptations that we report here may ultimately contribute to the allostatic burden. Further studies will determine whether the compensatory mechanisms represent a robust resilience or a predisposition to (psycho)pathology ([@bib44]).

In support of our hypothesis, however, we showed that not all behaviors were protected. Hence, locomotor response to novelty (an indicator of motivational arousal dependent on mesolimbic and nigrostriatal DA systems ([@bib28])) was attenuated by AGT in female progeny, which would be compatible with the co-incident reduction in intrinsic mesolimbic activity. However, males were unaffected, possibly because the increased mesolimbic activity was co-incident with an increase in striatal DAT and a reduction in striatal D1 receptors, which may have ameliorated neurochemical and behavioral consequences. In contrast, AGT had no effect on PPI in females, whereas it exaggerated the ability of prepulses to inhibit startle in males (indicative of enhanced pre-attentional processing). Microdialysis studies in male rats have demonstrated that a weak stimulus (prepulse) before the startle stimulus prevents the fall in NAc DA levels associated with the startle ([@bib27]). If the same holds true in females, a blunting or enhancement of mesolimbic DA activity in females and males, respectively, could explain such sex-specific effects of AGT on PPI, which would be compatible with our microdialysis data.

Collectively, our behavioral studies demonstrate that the enduring behavioral effects of AGT depend both on sex and the specific behavior tested. As the AGT-induced profile of neurobiological change was sex-specific, our findings clearly show that the mechanisms that confer enduring behavioral resilience or susceptibility to early environmental challenge occur via sexually dimorphic capacities for molecular adaptations within midbrain DA systems.

Implications and Conclusions
----------------------------

Synthetic glucocorticoids, such as dexamethasone, are widely used to accelerate lung maturation in threatened preterm birth ([@bib35]) but, until their potential impact on neurological development has been fully established, there is concern about their overuse in perinatal medicine ([@bib20]; [@bib6]). The present study, using a dose of dexamethasone (∼0.075 mg/kg/day ([@bib42], [@bib38])) in the low clinical range or below (∼0.2 mg/kg/day ([@bib4])), highlights the sensitivity of the developing midbrain DA systems to glucocorticoids and establishes the validity our model for detecting neuro(patho)physiological changes after AGT. Numerous reports suggest that neurodevelopmental programming by late-gestational stress can be reproduced by AGT, with a prime role for GRs in mediating these effects ([@bib55]; [@bib46]). The growing notion that such mechanisms underpin early-life stress programming is supported by the widespread expression of GRs in the rat brain throughout the third week of gestation, whereas expression of the mineralocorticoid receptor (MR, activated by glucocorticoids at a lower *k*~d~ than GR) does not rise until E19.5 ([@bib19]). However, certain considerations currently preclude the conclusion that stress-induced elevations of endogenous glucocorticoids will target midbrain DA systems in the manner we have reported for our AGT regimen. Specifically, GR-selective synthetic glucocorticoids, such as dexamethasone, exert negative feedback effects to suppress baseline levels of endogenous corticosterone (rodents) or cortisol (humans), which have both GR and MR activity. In rodents, this was marked at pharmacological doses (0.8 mg/kg/day, i.m., GDs 18--20) ([@bib54]), with a lesser effect at optimal doses for inducing lung maturation (0.288 mg/kg/day, i.m., GDs 18--20) ([@bib53]), which normally depend on natural elevations in glucocorticoid/GR activity just before term. Measurements in human cord blood also indicate a 50% suppression of baseline cortisol levels 6 h after AGT, although cortisol response to stress in newborns appeared normal ([@bib4]). AGT effects could, therefore, be attributable to reduced activation of MRs, as well as effects at GRs. Although relatively moderate adrenosuppression might be predicted with our low-dose dexamethasone regimen, further investigations are needed to establish this, along with the concomitant, relative activation of brain GR/MR in our model.

We have identified sex-specific mechanisms of glucocorticoid neurobiological programming in the midbrain DA systems that differentially affect specific male and female behaviors. These relate to female behaviors (motivational arousal), which are altered in depression (more prevalent in women ([@bib31])) and male behaviors (pre-attentional processing/PPI), which are affected in male, but not in female, schizophrenic subjects ([@bib33]). These results add to the evidence that susceptibility of the relevant circuitry to environmental challenge is sexually dimorphic in a psychopathological context ([@bib3]). Elucidation of the mechanisms promoting these dimorphisms is an important future challenge. Epigenetic programming is emerging as a critical factor in brain sexual differentiation, which is driven, to a large extent, by a surge in testosterone production by the testes, occurring between GDs 17 and postnatal day 10 in the male rat ([@bib43]). Prenatal synthetic glucocorticoid treatment can also permanently modify the epigenome ([@bib17]) and produce endocrine and behavioral effects, which may be qualitatively and quantitatively different in males and females ([@bib55]; [@bib29]; [@bib13]). Differential interactions of glucocorticoids with the sex-specific gonadal steroid environment at the level of epigenetic markers in the developing male and female midbrain DA systems therefore offers a compelling explanation that might account for their sexually dimorphic programming by AGT.
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![Exposure to antenatal glucocorticoid treatment (AGT; dexamethasone, 0.5 μg/ml, in dams\' drinking water on gestational days 16--19) alters the neuroanatomy of the adult nigrostriatal and mesolimbic dopaminergic (DA) pathways compared with controls (dams received normal drinking water). (a) Tyrosine hydroxylase immunoreactive (TH-IR) cell counts in the substantia nigra pars compacta (SNc) and ventral tegmental area (VTA; region −5.1 mm to −5.4 mm relative to bregma of male and female rats exposed to AGT (solid histograms) were significantly greater (*p*\<0.05) than in controls (open histograms). (b) Immunofluorescent visualization of TH-IR cells in representative coronal sections at low power (bar represents 100 μm) illustrating SNc and VTA boundaries; for clarity, images are presented in reverse greyscale. (c) Immunofluorescent visualization of TH-IR cells and control (no primary anti-TH antibody) in representative coronal sections of the SNc at high power (reverse greyscale images; bar represents 15 μm). (d) TH-IR fiber density (expressed as percentage area coverage) in the dorsal striatum (caudate putamen, CPu) and ventral striatum (nucleus accumbens (NAc) core and shell) of adult male and female rats exposed to AGT (solid histograms) was significantly greater (*p*\<0.05) than in controls (open histograms). (e) TH-IR fibers in a representative confocal microscopic 1 μm optical coronal section (left-hand panel) and the overlay mask for calculating percentage area cover (right-hand panel) through the dorsal striatum. Bars represent 10 μm. Data are represented as means±SEM, *n*=6, \**p*\<0.05 *vs* relative control group.](npp2013196f1){#fig1}

![Sexually dimorphic changes in the expression of dopaminergic (DA) signaling proteins after antenatal glucocorticoid treatment (AGT). (a) Top panel schematically illustrates regions of interest, namely the dorsal striatum (caudate putamen, CPu), nucleus accumbens (NAc) core, and NAc shell based on the rat brain atlas, and a coronal section +2.2 mm relative to bregma ([@bib49]). Serial sections were collected between +1.7 mm and +2.2 mm relative to bregma for the NAc core and shell, whereas for the CPu serial sections were collected between −0.2 and +1.6 mm relative to bregma. Lower panels are representative autoradiographic images of total (left-hand panels) and non-specific (right-hand panels) ligand binding (NSB) to D~1~-type receptors (D1), D~2~-type receptors (D2) and the dopamine reuptake transporter (DA transporter, DAT). (b--d) Quantitative comparison of radioligand binding to D1 (b) D2 (c) and DAT (d) in CPu and NAc core, and shell of male (left-hand panels) and female (right-hand panels) rats exposed to AGT (dexamethasone, 0.5 μg/ml, in drinking water on gestational days 16--19; closed histograms) or untreated controls (open histograms). Note the use of different scales for male and female DAT binding. Data are mean±SEM, *n*=6, \**p*\<0.05 (*post-hoc* analysis, (b, d)) *vs* relative control group, and *p*\<0.001 (c) main effect of AGT and region;+*p*\<0.05 *vs* corresponding male group, indicating a significant sex difference.](npp2013196f2){#fig2}

![Impact of antenatal glucocorticoid treatment (AGT) on neurochemical and behavioral effects of psychostimulant drugs. Male and female rats exposed to AGT (dexamethasone, 0.5 μg/ml, in drinking water on gestational days 16--19; closed symbols in the line plots and solid bars in the bar plots) and controls (dams received normal drinking water; open symbols in the line plots and open bars in the bar plots) were tested in adulthood. Top panel (a, b): Amphetamine-induced dopaminergic (DA) efflux in the nucleus accumbens (NAc) is greatly enhanced in male progeny of dams exposed to AGT, but reduced in female progeny. Extracellular levels of DA in the NAc were assessed by *in-vivo* microdialysis coupled with electrochemical detection. Microdialysis samples were collected every 20 min for 3 h, and after the first three fractions (baseline) amphetamine was administered (0.8 mg/kg i.p.). (a) The line plots depict DA levels in each 20-min fraction and the arrow indicates the point of amphetamine administration. (b) The bar plot shows cumulative DA release above baseline (area under the curve, AUC). Data were used only from those animals where placement of the dialysis probe in the core of the NAc was confirmed *post mortem*; statistical analyses were adjusted accordingly for differences in group sizes. Values represent means±SEM for control males (*n*=5), AGT males (*n*=6), control females (*n*=4) and AGT females (*n*=5). ^\#^*p*\<0.05, indicating a significant sex difference; \**p*\<0.05 indicating a significant effect of AGT. Second panel (c, d): Amphetamine-stimulated locomotor activity in both male and female progeny is unaffected by AGT. After 2 consecutive days of spontaneous locomotor testing in a novel, open-field environment to habituate the animals to the activity boxes, animals were used to test the behavioral activating effects of amphetamine. Line plots (c), representing the total photobeam interruptions over the 2-h period immediately following i.p. administration of 0 (control, 0.9% NaCl), 0.2, 0.4, 0.8, and 1.2 mg *d*-amphetamine/kg, and histograms (d), representing the summation of photobeam interruptions for all five adult treatment groups, demonstrate significantly greater activity in females compared with males (^\#^*p*\<0.05), but no significant effect of prenatal treatment. Data are mean±SEM, *n*=6. Lower two panels (e, f, g, h): Cocaine self-administration in both male and female progeny is unaffected by AGT. Active (open/closed circles) and inactive (open/closed squares) lever responses were recorded at ascending doses of cocaine (0.25, 0.5 and 1.0 mg/kg/intravenous infusion) for adult male (e) and female (g) offspring. Active lever responses resulted in an intravenous infusion of cocaine; these are expressed as mean number of infusions in daily sessions of fixed-ratio schedule reinforcement, with each dose being allowed to be administered for seven daily acquisition training sessions. Responses on the inactive lever had no programmed consequences. Panels f and h depict the total number of active lever responses for males and females, respectively, over the seven acquisition training sessions for each dose of cocaine. Data are mean±SEM, *n*=6.](npp2013196f3){#fig3}

![Impact of antenatal glucocorticoid treatment (AGT) on unconditioned and conditioned behaviors. Male and female rats exposed to AGT (dexamethasone, 0.5 μg/ml, in drinking water on gestational days 16--19; closed symbols in the line plots and solid bars in the bar plots) and controls (dams received normal drinking water; open symbols in the line plots and open bars in the bar plots) were tested in adulthood. Top panel (a, b): Spontaneous locomotor activity is suppressed in adult female, but not in male, progeny. Test-naive adult offspring were tested at 12 weeks of age for spontaneous locomotor activity in a novel, open-field environment (Day 1). Line plots (a) represent photobeam interruptions in 5 min time bins over a 90-min period, and histograms (b) represent the total number of beam breaks over the whole of the 90-min period for males and females. Activity was significantly attenuated by AGT in females, but not in males. Data are mean±SEM, *n*=6. ^\#^main effect of sex, *p*=0.001; \**p*\<0.05 for AGT *vs* relative control group. Middle panel (c, d and e): Sensorimotor gating is significantly modulated after exposure to AGT in adult male, not female, progeny. The paradigm of prepulse inhibition (PPI) of the startle response was used to investigate sensorimotor gating in young adult offspring. For male (c) and female (d) groups, the line plots represent %PPI at each of the four prepulse intensities (3, 6, 12, and 16 dB above background white noise of 65 dB for 20 ms preceding the startle pulse of 120 dB for 40 ms); the adjacent histograms depict the mean %PPI across all four prepulse intensities. %PPI was calculated as 100% × (1−(mean reactivity in prepulse--pulse trials/mean reactivity in pulse-alone trials)). Data in e confirms that in both males and females, the startle response to the startle pulse alone (120 dB) was not significantly affected by AGT compared with controls. AGT significantly enhanced %PPI in adult males, but not in females. Data are mean±SEM, *n*=8; \**p*\<0.05 for AGT *vs* vehicle. Bottom panel (f, g): Acquisition of discriminated approach behavior in adult male and female progeny is not affected by AGT. Autoshaping was conducted over 7 consecutive days with each daily session consisting of 50 trials (25 CS− and 25 CS+). (f) Approach responses to either reward-paired stimulus (CS+ square symbols) or unpaired stimulus (CS− circle symbols) in adult rats were measured, and (g) as an index of discriminative approach learning, the average difference score between approaches to CS+ and CS− were analyzed. Data are mean±s.e.m, *n*=14 (control males, control and AGT females), or *n*=12 (AGT males).](npp2013196f4){#fig4}
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